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ABSTRACT We propose a partially flexible, double-helical model for describing the conformational and dynamic properties
of DNA. In this model, each nucleotide is represented by one element (bead), and the known geometrical features of the
double helix are incorporated in the equilibrium conformation. Each bead is connected to a few neighbor beads in both
strands by means of stiff springs that maintain the connectivity but still allow for some extent of flexibility and internal motion.
We have used Brownian dynamics simulation to sample the conformational space and monitor the overall and internal
dynamics of short DNA pieces, with up to 20 basepairs. From Brownian trajectories, we calculate the dimensions of the helix
and estimate its persistence length. We obtain translational diffusion coefficient and various rotational relaxation times,
including both overall rotation and internal motion. Although we have not carried out a detailed parameterization of the model,
the calculated properties agree rather well with experimental data available for those oligomers.
INTRODUCTION
The conformation and dynamics of double-helical DNA are
ultimately determined by the chemical structure and the
interatomic forces. The modem molecular dynamics simu-
lation techniques (McCammon and Harvey, 1987) could be
used, in principle, to predict DNA flexibility and dynamic
behavior from models with atomic resolution. However, the
length and time scales for bending and torsional, internal
motions (in the orders of 102 A and 109-i0-7 S) are far
beyond the reach of conventional possibilities. In addition,
these aspects are influenced by the solvent due to viscous
friction (as it is regarded in those scales). The procedures to
account for solvent effects, such as inclusion of a number of
explicit solvent molecules in the system, or stochastic terms
in the algorithm, adds further complications to the molecu-
lar dynamics approach.
With this point of view, it seems that the prediction of
flexibility and internal dynamics of DNA from the double-
helical structure may require the sacrifice of atomic resolu-
tion, and the use of Brownian dynamics simulation tech-
nique (Ermak and McCammon, 1978). The helical structure
can be preserved in a model in which each residue is
replaced by a single element, placed on a helix having the
geometrical parameters known for the biopolymer. With
some adequate representation of the interelement forces, the
Brownian dynamics of such a model can be conveniently
simulated. For helical polypeptides, this approach was pio-
neered by McCammon and coworkers (Lee et al., 1987;
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Wade et al., 1993) and used in subsequent works (Rey and
Skolnick, 1991; Schneller and Weaver, 1993).
In a preceding paper (Garcia de la Torre et al., 1994a), we
proposed a rigid, double-helical model for DNA, in which
each nucleotide is represented by a frictional, spherical
element (Garcia de la Torre and Horta, 1976). The purpose
was the calculation of overall hydrodynamic properties,
concretely translational and rotational diffusion coeffi-
cients, of very short DNA pieces. The used procedure was
the bead-model treatment for the hydrodynamics of rigid
structures of arbitrary shape (Garcia de la Torre and Bloom-
field, 1981; Garcia de la Torre, 1989; Garcia de la Torre et
al., 1994b). We found that the results for overall translation
and rotation were in excellent agreement with recent mea-
surements on oligonucleotides of as few as eight basepairs
(Eimer and Pecora, 1991). This indicates that the hydrody-
namics that is used in bead-model calculation, as well as in
Brownian dynamics simulation, can be pushed down to
molecular level. For the purpose of overall dynamics, the
double-helical model was essentially rigid and, when nec-
essary, internal motions were treated as corrections to the
rigid-body behavior (Lipari and Szabo, 1982a, b; Schurr,
1984; Schurr and Fujimoto, 1988).
In the present work, we consider a double-helical model
with some extent of flexibility, which makes it able to
experience deformation and internal motions such as bend-
ing and torsions. Those motions are simulated from the very
first principles of Brownian motion, using the Brownian
dynamics simulation techniques. We anticipate that our
mechanical model of the double helix is rather simple.
Actually, we intended to use a minimal model that should
describe the geometrical features of the helix and the essen-
tial internal motions, with only a few simple interactions.
Our goal is to show that such a model is able to reproduce
not only the qualitative aspects of the conformation and
dynamics of the helix, but also to predict precisely various
experimental data.
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MODEL, SIMULATION, AND PROPERTIES
In our hydrodynamic model of DNA, each nucleotide is
replaced by a spherical bead. (Garcia de la Torre and Horta,
1976). The number of beads is N = 2Nbp, where Nbp is the
number of basepairs. For simplicity, we assume that the four
types of nucleotides have the same hydrodynamic radius, a.
The model is based on a "rigid" bead-model of the helix
(Garcia de la Torre et al., 1994a), which is now considered
as the equilibrium conformation, and some extent of flexi-
bility is introduced in a simplified manner by means of stiff,
harmonic springs.
Equilibrium conformation
The equilibrium, or zero-energy, conformation is an undis-
torted double helix with straight helical axis (see Fig. 1).
This conformation is the same as the rigid structure consid-
ered in our previous paper (Garcia de la Torre et al., 1994a).
The geometry of the helix is characterized by the pitch, P,
and the radius A. If the helical axis is z, the parametric
equations of the helix are
1-.e'= A cos(t + 4))
yeq = A sin(t + 4))
zeq =Ht/2rr I (1)
The parameter t goes from t = 0 to t = 2i=t, where nt is
the number of helical turns (not necessarily integer). One of
the strands of the helix is described by Eq. 1 with 4) = 1800.
If we take 4) = IT (1800) for the second strand, the resulting
helix has binary symmetry around the z axis, and the struc-
ture looks unrealistic because the two helical grooves are
identical. Taking a different value, say 4 = 1200, the aspect
of the model is quite similar to that of B-DNA, exhibiting
major and minor grooves.
FIGURE 1 Double-helical structures (in the
equilibrium, zero-energy conformation), showing
the springs acting on any bead. The bead radius in
the figure has been drawn smaller than in the real
model for the sake of clarity (see also Fig. 1 of
Garcia de la Torre et al. (1994b). (A), symmetric
helix, = 180°. (B) asymmetric helix, = 1200.
In this equilibrium structure, spherical elements repre-
senting the nucleotides are placed on each of the two heli-
ces, with equal spacing and a density given by the number
of residues per turn, n, in the DNA, so that Nbp = nnt. It is
easily found that the coordinates of the beads in the helical
structure are given by Eq. 1 with
ti=2w(i -l)n, 0 180, i = 1, 2,. . . ., Nbp
for strand 1
ti = 2T(i
-Nbp - 1)/n, ' 180, i = Nbp + 1, . . ., 2Nbp
for strand 2
(2)
As discussed in our previous work, we choose the bead
radius oa in such a way that neighbor beads in a strand, with
center-to-center distance b, are touching (this is not re-
flected in Fig. 1). Thus, cr is determined by the other
parameters of the helix (Garcia de la Torre et al., 1994a) as
of = b/2 where b = {2A2[ - cos(21T/n)] + (2rr/n)2}"12. For
the numerical simulations, we have used the geometrical
quantities proper of B-DNA: H = 34 A, nt = 10, and A =
10 A. For this case, b = 7.0 A and the bead radius is af =
3.5 A.
Flexibility
In the slightly flexible double helix we assume that, in a
short-range scale, the motion of the elements in the model
consists of small-amplitude displacements with respect to
the equilibrium configuration described above. Accord-
ingly, the distance rij between elements close within the
structure (neighbors or next neighbors, either in the same
strand or in the facing one), will fluctuate around the equi-
librium value, rN = jq -r where the position vectors
eq i t eulbi s hrjq n he equilibrium tructure ave the coordinates given
(A)
Ii'11 1'
I~~~~~~~~~~~~~~~~~~~I
i+2
i+l IJZ A- i+Nbp+l
N i+Nbp
i-l N N i+Nbp-l
i-2I",,1
I-.?
I
i-3
~~~~~~~~~~~'Iii
(B)
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by Eq. 2. A very simple way to model this situation can be
achieved assuming that beads i and j are joined by a stiff
spring, which contributes to the potential energy of the
molecule with
Vij = kij(rj -r.q) (3)
In this work, we have tried to minimize the number of
interactions that maintain the double-helical aspect of the
structure and provide a sufficiently rigid structure at a short
scale. We have found that this can be done if each bead i is
linked to: 1) beads i ± 1, i.e., first neighbors in the same
strand, thus maintaining the connectivity, and keeping the
instantaneous length of the virtual bonds close to b; 2) beads
i ± 2, i.e., second neighbors in the same strand, which
somehow represent the bond angle interactions; 3) beads
i ± 3, i.e., third neighbors in the same strand, which
somehow represent the torsional interactions; 4) bead i +
Nbp (or i - Nbp) in the opposite strand, representing the
interaction between nucleotides forming basepairs; 5) beads
i + Nbp ± 1 (or i - Nbp ± 1) between a bead in one strand
and the first neighbors of its pair in the other strand. This
interaction was necessary to keep the two strands inter-
wound, and may be assigned to basepair stacking.
Thus, there are only five types of springs and every bead
supports springs linking it with seven other beads; four in
the same strand and three in the opposite one. (This has the
obvious exception for the end or last-to-end beads in both
strands.) The helical structure with the connecting springs is
illustrated in Fig. 1.
The total force acting on bead i is given by
N
Fi = 2 1 kij(r1j- ij (4)
j=l
where uij = rii/rij is the unitary distance vector, and the total
potential energy of the molecule is given by
N N
V= 2 2 2 kij(rjj-r,e,q)2 (5)
i=1 j=1
In Eqs. 4 and 5, the summation over j is restricted to the
beads to which bead i is linked, as described above.
As commented in the Introduction, the present work is a
preliminary study of the behavior of the flexible double-
helical model. Therefore, we have not attempted a precise,
quantitative parameterization of the model constants, i.e.,
the spring constants for the various types of springs. We
have just empirically tried a few sets of parameters (the
simulations are expensive, as noted below), finding that a
simple set in which all the spring constants were identical,
k= 100 in units of kT/b2 (kij = 8.2 dyn/cm) was able to
predict quite well a number of experimental properties, as it
will become apparent through the Results section.
Brownian dynamics simulation
The Brownian dynamics of the double helical model is
simulated using a procedure based on the first-order algo-
rithm of Ermak-McCammon (1978), with a modification
proposed by Iniesta and Garcia de la Torre (1990). Each
step is taken twice, in a predictor-corrector manner, and the
position of the beads ri after the time step, At, are obtained
from the previous ones, ro, according to
At
r'=ro+ -D0F0 + At(VrD) + R0kT (6)
r + 1TIr = + kT 2(Do F0 + D' . F')
(7)
+ At 2 [ (VrD)' + (VrD)0] + R'
Equation 6 is for the predictor substep, which is taken
with basis on the quantities corresponding to the initial
conformation, ro, denoted with the 0 superscript. In this
step, an estimate, r', of the final conformation is obtained,
and the necessary quantities are evaluated at it. Next the
corrector step is taken as indicated in Eq. 7, again from the
initial conformation, ro, but using quantities that are the
mean of those at ro and r'. Although the step in our
predictor-corrector procedure is equivalent to two Ermak-
McCammon steps and subsequently it takes about twice the
CPU time of the latter, longer time steps are allowed and
there is a demonstrated increase in efficiency (Chirico and
Langowski, 1992).
The 3N components of the vectors r and F are the
coordinates, ri, and the mechanical forces Fi on the N beads,
D is the 3N X 3N diffusion supermatrix whose ij-blocks are
the diffusion tensors, Di.I R° and R' are random vectors
with covariance matrix equal to 2AtD0 and 2A1D', respec-
tively. They are calculated from Gaussianly distributed ran-
dom vectors of zero mean and unit covariance, q and q', as
R° = 2Atoq or R' = \/_2tir'q', where the 3N x 3N
matrix cr is obtained from the square root of D (Allison and
McCammon, 1984).
The ii blocks of the diffusion supermatrix are always
given by Dii = (kT/j)I, where I is the unit 3 X 3 matrix, Ci
is the friction coefficients of the bead, vi = 6iTqoc, where
-ro is the viscosity of the solvent (71o = 0.01 for water at
20°C). For the simulation of dynamic properties, the hydro-
dynamic interaction (HI) between beads must be properly
accounted for. We accomplish this using the Rotne-Prager-
Yamakawa modification of the Oseen tensor, (Rotne and
Prager, 1969; Yamakawa, 1970), which corrects for the
non-pointlike nature of the frictional elements and describes
correctly the possibility of overlapping (of equal-sized
beads). Thus, we include HI setting Dii = kTTi',, where T
is the above-mentioned tensor.
Hydrodynamic interaction is neglected if we set Dii = 0
(i + j) in Eq. 6. Thus, the Iniesta-Garcia de la Torre
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algorithm (1990) simplifies to
At (2Atk l/2q
r= ro + - F? + q (8)
At 1 /2AtkT1"2
r = r° + At (F° + F,) + q (9)
This noHI algorithm requires much less CPU time than the
full-HI procedure. The interest of this comes from the fact
that equilibrium (nondynamic) properties can be simulated
without HI, because they do not depend on the rate of
dynamic processes. In other words, Brownian dynamics
simulation without HI (noHI BD) can be used as an efficient
procedure to sample the conformational variability of the
molecule.
Regarding computing time, we note that, typically, every
104 steps ofBD simulation of a model with N = 12 + 12 =
24 beads with HI requires -220 s of CPU time in the MIPS
R4400, 150 MHz of a SG Indigo2 workstation. In the same
conditions, the BD simulation with noHI takes only 13 s.
Furthermore, computer time grows as N3 with HI, but
without HI, it is just proportional to N.
The computational cost of Brownian dynamics simula-
tion can be drastically reduced if the hydrodynamic inter-
action effect is not considered rigorously, being instead
represented in an approximate way by an interaction tensor
which is orientationally and conformationally preaveraged,
as it was usual in early hydrodynamic theories (Yamakawa,
1971). This avoids the most time-consuming part of the
algorithm, namely the calculation of matrix a at every time
step. However, it is known that the preaveraging approxi-
mation introduces some errors in the hydrodynamic prop-
erties of rigid and flexible molecules (Garcia de la Torre et
al., 1983, 1984, 1987). For instance, the rotational coeffi-
cient of a long, straight rod calculated with preaveraged HI
presents a quite large error (Garcia de la Torre et al., 1983).
In the present work we aimed at the most accurate possible
study of our double-helical model. Therefore, we decided
not to make any hydrodynamic approximation that could be
appreciably reflected in the final results, perhaps vitiating
the comparison with experimental values. Anyhow, the
possibility of speeding up the simulations with approximate
hydrodynamics deserves further study.
RESULTS AND DISCUSSION
Equilibrium properties and conformations
The study of dynamic properties (simulation and compari-
son with experiments) to be presented later is restricted to
short DNA fragments due to the high computational cost of
BD with HI. However, as the BD-noHI simulation is much
faster, the configurational study can be extended to longer
fragments. Indeed, this is required if one wishes to deter-
mine an essential property of DNA, namely the bending
flexibility, which is not perceptible if the DNA pieces are
too short.
As a preliminary check of the model, from sufficiently
long BD-noHI trajectories, we evaluated the averages of
bead-to-bead distances for bead pairs joined by springs. We
recall that every bead is linked to five other beads in the
model. The resulting values were within 1% of the equilib-
rium values, which indicates that the model maintains the
desired high local rigidity.
The mean square radius of gyration, (s2), and the mean
squared end-to-end distance, (r2h, are among the most im-
portant properties to express the overall conformation of
macromolecules. From the BD-noHI simulations, we calcu-
lated these properties for moderately long DNA fragments.
For the end-to-end distance we take for the end of the
double helix the midpoint between the terminal pair of
beads.
Obtaining meaningful averages requires running suffi-
ciently long simulations and sufficiently small time steps,
and these two conditions are somehow in conflict. Tests like
that shown in Fig. 2 were carried out in order to determine
proper working conditions. When the time step is short
enough, the moving averages converge well to the equilib-
rium value. The simulated trajectory is divided into six
subtrajectories of which the first one is discarded. We
average individually over each subtrajectory, and the final
result is expressed as the mean of the subtrajectory aver-
ages. Also, from their standard deviation we evaluate the
standard error of the mean.
In Table 1 we present results for the mean square end-
to-end distance, (r2), and radius of gyration, (s2), obtained
by BD-noHI. For short DNAs, the dimensions of the present
800
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FIGURE 2 Running average for the mean square radius of gyration, (s2),
for Nbp = 24, from BD-noHI trajectories, plotted versus trajectory dura-
tion, T= nstepsAt
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TABLE I Values of (r2) and (s2) for double helices with
varying length
(r) X 10-3 A2 (S2) X 10-3 2
Nbp Flexible Rigid Flexible Rigid
24 6.0 ± 0.3 6.1 0.70 ± 0.14 0.65
51 26±2 29 2.58±0.15 2.60
76 59±2 65 5.52±0.16 5.66
102 89± 14 116 8.9±0.9 9.99
148 174 ± 16 249 17.1 ± 1.2 21.2
The results for the "perfect" rigid helix are also given.
model are very close to those for a "perfect" helix (a rigid
structure with the equilibrium conformation). However, as
the number of basepairs is increased, we note an increasing
departure of the properties of the partially flexible model
from those of the rigid one. Undoubtedly, that departure is
a manifestation of the bending flexibility of the helix, which
becomes more evident as the chain length increases. Also,
for longer DNAs the contribution of the cross-section size
and structure to the overall dimension, measured by (s2),
becomes less important.
The overall conformation of double-helical DNA is cus-
tomarily described by the wormlike chain model. For a
wormlike filament of zero thickness, the mean square end-
to-end distance is given by
(r2)=2PL[l -<+ -e-Lp] (10)
where L is the contour length, which for B-DNA can be
expressed as L = (Hlnt)(Nbp- 1), or L(A) = 3.4(Nbp- 1),
and P is the flexibility parameter, namely the persistence
length, which for DNA takes the commonly accepted value
P - 500 A. (See, for instance, Garcia Molina et al., 1990).
Equation 10 is applicable also to the distance between any
two points within the filament, separated by contour dis-
tance L.
In order to compare our results with the wormlike chain,
we make a previous reduction of the double helical structure
to a linear filament. For any instantaneous conformation of
the helix, we can obtain its instantaneous axis or "spine" as
the line joining the midpoints of the bead pairs. Further-
more, we discard the terminal basepairs in order to avoid
end effects. Particularly, we discard 10 basepairs at each
end. Thus the end-to-end distance in the spine, r', is equiv-
alent to the distance between basepairs numbered 11 and
Nbp- 10, separated by nbp = Nbp- 20, with an intervening
contour length L = 3.4(nbp - 1) = 3.4(Nbp- 21). This is
illustrated in Fig. 3.
The mean square (r'2) values obtained from our BD-noHI
simulation for varying number of basepairs are plotted
along with theoretical predictions of the wormlike model in
Figure 4. For short DNAs, the persistence length cannot be
analyzed because when L << P the dimensions are inde-
pendent of L. On the other hand, for longer fragments our
results are compatible with a persistence length of -500 A,
FIGURE 3 Left: Instantaneous conformation of a double helix with
Nbp = 51, after a BD trajectory (no HI) of 160 ns. Right: The spine of the
double helix after removal of 10 basepairs at each end.
or perhaps somehow larger. Our data point for Nbp = 148
(nbp = 128) agrees very well with the value of the wormlike
filament with P = 500 A, although this can be somehow
fortuitous due to the large error bar of our result.
Dynamic properties of short fragments:
Translational diffusion
An essential aim of this work is the comparison of dynamic
properties simulated for our model with experimental re-
sults available forDNA fragments of varying length. For the
prediction of dynamic properties, the simulations must in-
clude hydrodynamic interaction (BD-HI), which makes the
simulations much more expensive in terms of CPU time, as
noted above. Thus, the simulations are necessarily restricted
to oligonucleotides with few basepairs. Such is the case for
the fragments for N = 8, 12, and 20 for which experimental
data are available (Eimer et al., 1990; Birchall and Lane,
1990; Eimer and Pecora, 1991).
We carried out BD simulations with HI represented by
the modified Oseen tensor. The time step was At = 0.82 X
10-4 ns = 0.082 ps, as in the noHI simulations. The
trajectory lengths were 107, 2 X 107, and 4.5 X 107 steps
(0.82, 1.64, and 3.69 ,s) for Nbp = 8, 12, and 20. We wish
to stress the difficulty of truly dynamic BD-HI simulation
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FIGURE 4 Mean square distance between two points of the spine of the
helix separated by nbp basepairs. Simulation results from BD-noHI are
plotted along with theoretical predictions of the wormlike chain with the
indicated values of the persistence length, P.
for longer fragments: not only the CPU time grows very
rapidly with N, but also longer trajectories must be gener-
ated since the rotational relaxation times also grows with N.
(The trajectory for Nbp = 20 required -1020 h of CPU in
the above-described machine).
From the trajectories simulated by BD with HI, a variety
of dynamic properties can be obtained by correlation anal-
ysis. One of the most simple but essential and experimen-
tally accessible properties is the translational diffusion of
the center-of-mass, Dt. This is obtained from the Einstein
relationship for the correlation function of the displacement
of the center of mass:
([rCM(t) - rCM(0)]2) = 6Dtt (11)
rCM(O) is the position vector of the center of mass at some
time, to, and rCM(t) is the position after a time t has elapsed.
The average ( ... ) is calculated over all the possible choices
of the initial instant, to, along the simulated trajectory.
The correlation functions for the translational displace-
ment (Eq. 11) are displayed in Fig. 5, where we appreciate
the excellent linearity which allows a precise determination
of the translational diffusion coefficients. The numerical
results are given in Table 2. We note that the results for
symmetric and asymmetric helices are very close to each
other, and agree very well (within a small statistical uncer-
tainty), with the experimental results of Eimer and Pecora
(1991).
Rotational diffusion: End-over-end tumbling
For a nonrigid molecule, overall rotations cannot be clearly
distinguished and separated from internal motion. One can
6
5
C44
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4
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0
0 1 2 3 4
t (ns)
FIGURE 5 Center-of-mass correlation functions. The translational dif-
fusion coefficient, Dt, is calculated from the slope of the straight lines.
Results for = 1200 and the three oligonucleotides.
follow the Brownian rotational diffusion of a unitary vector
u that is unambiguously defined for any arbitrary confor-
mation of the particle. We can evaluate the function defined
by
(P2(t)). = ((3 coS20.(t) -1)/2) (12)
where cosOu(t) = u(t) * u(O). This function is the average (in
the same sense as in Eq. 11) of the second Legendre
polynomial of the angle traveled by vector u in a time
interval t.
The calculated (P2(t)) functions can be conveniently rep-
resented by a multiexponential decay, (P2(t)) = ale-t/Tj +
a2e-t/T2 + * * *, with a, + a2 + * * * = 1. For these fits, we
have employed the DISCRETE program of Provencher
(1976a, 1976b). It is well known that the fit of data to a sum
of exponentials is an ill-posed problem, regardless of the
fitting procedure. Therefore we will not pay much attention
to the individuals values of the amplitudes and relaxation
TABLE 2 Diffusion coefficients and relaxation times of the
end-to-end vector of DNA oligonucleotides, obtained from BD
simulation and compared with experimental data
Nbp Simul. 4 = 1800 Simul. 4) = 1200 Exptl.
D x 107 cm2s- 1
8 16.3 ± 1.8 16.7 ± 1.6 15.3
12 13.2 ± 0.4 13.4 ± 1.2 13.4
20 10.6 ± 0.3 10.8 ± 0.5 10.9
End-over-end Tee ns
8 3.3 ±0.2 3.9 ± 0.5 3.2
12 6.1 ± 0.7 7.8 ± 0.8 6.4
20 16.7 ± 1.7 19.0 ± 1.3 16.2
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times, with the exception of the longest relaxation time,
denoted as TI.
A mean relaxation time (sometimes called correlation
time) can be defined as Tme. = fo(P2(t))dt. Using the
multiexponential fit as a mere function that represents the
simulated (P2(t)), the Tmean can be calculated as
Tmean = alT + a2T2 + . . . (13)
We have experienced, in similar problems, that the param-
eter Tmean is much more robust, (i.e., much less influenced
by artifacts or fitting conditions, than the a,'s and the Tis
(Garcia de la Torre, 1994; Carrasco et al., 1996).
One of the most immediate rotational problem is that
when u is the end-to-end vector. In the case of a rigid
structure (either the rod or the rigid double helix, the decay
function (P2(t))ee is a single exponential
(P2(t))ee,rigid = exp(-6Dr t)
where Dr is the rotational diffusion coefficient around an
axis perpendicular to the rod or helix axis. There is a single
relaxation time in this case, given by Tee = 1/(6Dr).
Experimentally, oligonucleotides with Nbp = 8, 12, and
20 are short enough so that their end-over-end tumbling can
be monitored by depolarized dynamic light scattering (Ei-
mer and Pecora, 1991), where a single-exponential decay of
the pertinent correlation function is indeed observed.
In our simulations we also observe monoexponential
decays for (P2(t))ee (see Fig. 6), from which we have ex-
tracted the rotational relaxation times, Tee, which are listed
I
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and compared with the experimental data in Table 2. For
this property we find an influence of the asymmetry of the
helix that seems significant over the numerical error. We
find that the result for the symmetric helix (4 = 1800) agree
very well with the experimental values, while the results for
the asymmetric helix (4 = 1200) deviate beyond their
simulation uncertainty. We are not sure about where this
situation comes from; it might be a computational artifact
arising from cancellation of effects acting on opposite di-
rections. As kindly pointed out by a referee, this may be
related to the possibility that the water in the grooves of real
DNA might be bound on a time scale comparable to rota-
tional diffusion; a symmetric DNA could better represent
the actual access of nonbound water to the grooves. At any
rate, the global agreement between simulations and exper-
iments is rather good.
Axial rotational diffusion and internal motion
Another relevant case of rotational diffusion is that corre-
sponding to a vector associated to a basepair, pointing
perpendicular to the helical axis. The dynamics of such a
vector for a flexible helix contains an important contribution
from internal torsional motion. The Brownian diffusion of
this vector is monitored by time-resolved nuclear Over-
hauser effect cross-relaxation. This NMR technique has
been applied recently to oligonucleotides (Eimer et al.,
1990; Birchall and Lane, 1990). We simulate this rotational
diffusion calculating, from the Brownian trajectories, the
(P2(t))bp function for the vector, vi, joining the two beads
that represent a basepair, i and i + Nbp. For the rigid double
helix (or rod), the theoretical result is
(P2(t))b, = 1/4 exp(-6Dft) + 3/4 exp(-(4D' + 2Drl)t) (14)
where Dll is the rotational diffusion coefficient around the
particle's main axis. Equation 14 is of the form of Eq. 13
with a, = ¼4, TI = 1/(6D'), a2 = 3/4, T2 = 1/(4D' + 2DII).
The mean relaxation time is
11 3 1
Teanbp,rigid 4 (6D1) 4( D+ + 24 D r)
-Nbp=20 R In our previous work (Garcia de la Torre et al., 1994a) we
* <p2 (t)>ee calculated this quantity for the equilibrium conformation of
. <P2 (M>ee X the double helix using rigid-body hydrodynamics (Garcia de
0 <P2 (t)>bp la Torre et al., 1994b). Precisely, it was the deviation of
calculated results from the NMR experimental data that
indicated clearly the contribution to this property of the
T 1 T
0 2 4 6 8 10 12 14 16 18 torsional, internal motions in the DNA double helix.In Fig. 6 we display an example of a reorientational
t (ns) correlation function, (P2(t))bp, obtained from our BD trajec-
tories. The fitting of (P2(t)hbp by DISCRETE gives rise to6 Semilog plot of the orientational correlation function, (P2(t)) two or even three exponentials. As mentioned above, the
iaracteristic vectors: the end-to-end vector (ee) and the base-pair mo significan pameter ls th mentcorelaton tie
rpendicular to the instantaneous axis of the helix (bp). The solid snen
the fitting functions, a single exponential in the first case and a beaii which is comparable to the experimental rNMR. We
;ponential in the latter. obtain ibpj5 from the coefficients of the fit using Eq. 13.
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TABLE 3 Results from the correlation function for the basepair (perpendicular) vector
Nbp a, Ti ns bpflns TNMR ns (exptl.) Tbp, ngid
8 (sym.) 0.72 3.13 2.56 1.5 3.2
8 (asym.) 0.94 ± 0.11 2.3 ± 0.3 2.2 ± 1.0
12 (sym.) 0.80 ± 0.06 4.5 ± 0.8 3.8 ± 0.5 3.0 5.2
12 (asym.) 0.78 ± 0.16 4.4 ± 1.0 3.6 ± 1.0
20 (sym.) 0.60 ± 0.03 9.5 ± 2.6 6.8 ± 1.2 5.7 10.6
20 (asym.) 0.50 ± 0.12 11.0 ± 2.6 6.3 ± 0.6
The resulting values are presented in Table 3, where we
have also included the lowest relaxation time and its am-
plitude, along with the value calculated for a rigid double
helix in our previous work (Garcia de la Torre et al., 1994a).
In Figure 7 we present our simulation results along with
the experimental data and the prediction from the rigid
double-helical model. Actually, we note again small differ-
ences between the 4 = 1800 and 4 = 1200 cases. The
analysis of TNMR evidences the important improvement of
the flexible model over the rigid one. The present simulation
results are much closer to the experimental values than the
former ones.
In our previous work, (Garcia de la Torre et al., 1994a),
the torsional, internal motion of the helix was applied a
posteriori, superimposing treatments like the model-free
approach of Lipari and Szabo (1982) or the treatment of
Schurr and Fujimoto (1988) on the dynamics (studied a
priori) of the rigid helix. In the present work, flexibility and
internal motion are embodied in the model from its initial
25 -
---Rigid helix
A Eimer et al (1990)
20 - V Lane et al (1990)
o Flex. helix (4 =1800) /
o Flex. helix (4 =1200)
15 -
10 /
5
o~~~~
0 5 10 15 20 25 30 35
Nbp
FIGURE 7 NMR NOE cross-relaxation times of DNA oligomers of up
to 20 basepairs. Experimental data are from Eimer et al. (1990) and Lane
et al. (1990). The dashed curve represents our former calculations for the
rigid double-helical model (Garcia de la Torre et al., 1994a). Our simula-
tion results for Nbp = 8, 12, and 20 are also included; the solid line is just
intended to guide the eye through them.
construction; indeed, the very same model is consistently
used for all the properties.
Internal motions and rigidities
In the preceding subsections we have shown how our dou-
ble-helical model is able to describe properly the dynamic
properties that are more directly available from experi-
ments. These properties, and particularly TNMR' contain
mixed contributions from overall (rigid-body) motions and
internal motions. After these calculations, and following
suggestions of the referees of this paper, we carried out
further analysis trying to characterize more specifically the
internal motions and the associated rigidities.
For the determination of the stretching elasticity of our
double-helical model, we found it possible and useful to
employ a straightforward procedure based on our own
Brownian dynamics algorithms. Starting from the straight,
unstretched, equilibrium conformation, forces +F and -F
were applied at both ends (actually, we applied F12 to each
bead in each terminal pair of beads). The final conformation
under the action of the force was clearly obtained after a
dynamics run in which the Brownian motion was switched
off setting qi = q! = 0 in Eqs. 8 and 9. In the stretched
conformation, the helix is still straight but has a length L,
measured along the z axis, greater than the equilibrium
value, Lo = (Nbp- 1)H/n,. This is done for different values
of the applied force, and the results are analyzed in terms of
an elastic law F = YS(L - LO)/LO, where S is the cross-
sectional area of DNA, taken as S = iTA2, and Y is the
Young's modulus.
Figure 8 shows a typical result of the stretching simula-
tions, displaying the linear dependence of F on L. From the
slope, the Young's modulus of our model turns out to be
Y = 2.9 X 108 dyn/cm2. In a very recent experiment, Smith
et al. (1986) reported a modulus of 3.5 X 108 dyn/cm2. The
excellent agreement may be somehow fortuitous, since we
did not make a detailed parameterization of the spring
constants, which were rather assigned ad hoc values.
Thanks to the simplicity of the procedure, we have also been
able to study which of the various spring types contribute
more to the stretching elasticity. For each spring type, the
constant was doubled and halved, with the constants for the
other springs remaining fixed at lOOkT/b2. The results are
displayed in Table 4, and show that the Young's modulus is
most sensitive to the intrastrand springs. It seems clear that,
Huertas et al. 3149
Volume 73 December 1997
c
-0
r,"
x
LL
20
18
16
14
12
10
8
6
4
2
0
-2
76 78 80 82 84 86 88 90 92 94
L x 108 (cm)
FIGURE 8 Stretching force versus elongation, L, for a double-helix with
Nbp = 24, and all the spring constants set to 100 kT/b2. The intercept at the
horizontal axis is Lo, and the slope is equal to irA2Y.
if the spring constants are treated as adjustable parameters,
the model might reproduce exactly the experimental
Young's modulus.
Another type of relevant internal motion is the torsion of
the double helix, manifested by local angular fluctuations of
the mutual orientations of neighboring basepairs. We at-
tempted a purely mechanic evaluation of the torsional stiff-
ness, similar to that used above for stretching but applying
torques at the terminal pairs of beads. Unfortunately, the
convergence to a final structure was much slower and
unstable, and therefore we gave up this procedure. Rather,
we tried to obtain this information from the simulated
Brownian trajectories.
As kindly noted to us by a referee, Fig. 6 does not show
a sharp relaxation of local angular motions. According to
TABLE 4 Young's modulus of the double-helical bead-and-
spring model
Spring Force constant (kT/b2 units) Y x 10-8 dyn/cm2
All 100 2.89
i. . . i±+ 1 50 2.74
200 2.99
i. i± 2 50 2.56
200 3.15
i.i± 3 50 2.47
200 3.37
i. ..i± Nbp 50 2.22
200 3.57
i...i±Nbp±l 50 2.58
200 3.18
Experimental 3.46
All the spring constants, except when specified, are set to lOOkT/b2.
experimental studies of the amplitude of such motions (Ei-
mer et al., 1990; Nuutero et al., 1994), (P2(0)bp could decay
down to -0.8 in a very short time, of -0.1 ns (Magde et al.,
1983). In order to elucidate the amplitude and dynamics of
the local angular motions, we tried to make a further anal-
ysis of the angle, P3i, subtended by consecutive basepair
vectors vi and vi+1. These angles are 360 in the undistorted,
equilibrium conformation. We take i = NbI!2, so that vi and
v1+I are the innermost pair of vectors, thus minimizing end
effects. The time-course described by Oi along a Brownian
trajectory is shown in Fig. 9. From this trace, we obtain an
average value (,B) = 34.00, while the r.m.s. fluctuation,
fap = ((p2) _ (13)2)1/2 is estimated to be -5.3°.
There has been some controversy in the literature con-
cerning the amplitude of this fluctuation. For the amplitude
of the orientational fluctuation of a vector rigidly attached to
the basepair, Eimer et al. (1990) reported results leading to
(0 = (02)1/2 of up to 250, while Nuutero et al. (1994), from
a re-analysis of the data of Eimer et al. and from other
studies, lower considerably the fluctuation, down to -100.
Our 8,1, in which the fluctuation of two vectors are accu-
mulated, is nearly equivalent to 80 (quite close although
slightly larger than it). The result from our model, with all
the spring constants set to lOOkT/b2, 61 5.3°, is even
smaller than the smallest estimates from experimental stud-
ies. This finding does not throw any light into the above-
mentioned controversy, since it is the a posteriori result of
a quite arbitrary choice of the spring constants that, as
shown by this comparison, results in a too low value for the
amplitude, thus probably overestimating the torsional rigid-
ity of DNA. As in the case of the stretching elasticity,
further refinements in this regard are left for future work.
Still regarding the local angular motion, we have made an
analysis of its dynamics from the autocorrelation function
(13(t)13(0)). An example is shown in Fig. 10. The decay
curve is approximately described by a double exponential,
with a fast relaxation time of -0.04 ns and a slow one of
-0.54 ns. The mean relaxation time is 0.24 ns. This results
are in acceptable agreement with the estimate of Magde et
al. (1983) of -0.1 ns for the relaxation of the local angular
motions.
Finally, the third essential type of internal rigidity is that
associated to bending. This is clearly manifested by the
fluctuation in overall size, and characterized in terms of the
persistence length. As these aspects have been well de-
scribed in the first part of this work, we have not felt the
need of a further study of bending at a local level.
CONCLUSIONS
The conformation and dynamics of the double-helical DNA
can be described and simulated in terms of a simple model
that embodies the structural features of the double helix and
is yet able to predict long-scale properties. Modeling at the
level of the repeating unit (one element per nucleotide),
dynamic simulations of DNA can reach the time scale of
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FIGURE 9 (Top) Fluctuation of the angle P3i during
a long Brownian trajectory. (Bottom) Short-time de-
tail, showing how fast the fluctuation is. Results are
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microseconds. By using Brownian dynamic simulation we
have predicted a variety of properties of double-helical
DNA, whose agreement with existing experimental data
was quite satisfactory, and very good in some cases.
Translational diffusion coefficients and end-over-end ro-
tational relaxation times of DNA oligomers with up to 20
basepairs agreed rather well with experimental data (Eimer
et al., 1990), which indicates that the model possesses and
maintains during its dynamics the correct size and shape of
the real DNA piece.
The model also possesses an adequate flexibility. The
bending flexibility is detected from the departure of the
end-to-end distance and radius of gyration from the values
for a straight, rigid helix. The amount of bending of our
model is compatible with the wormlike chain description,
with the customarily accepted persistence length of -500 A.
The motion manifested by the reorientational dynamics
of a basepair vector perpendicular to the helical axis is a
complex superposition of overall rotation, bending, and
torsion. Experimentally, this reorientation corresponds to
the NMR-NOE cross-relaxation of a pair of protons within
the basepair (Eimer et al., 1990). While the rigid double
200.0 400.0 600.0
t (ns)
800.0
329.0 331.0 333.0 335.0
t (ns)
helix (Garcia de la Torre et al., 1994a) had failed the
prediction of the experimental relaxation times, our present
simulation results for the corresponding relaxation time are
quite close to the experimental values. This suggests that
our flexible, double-helical model has an adequate torsional
flexibility.
The hydrodynamics of DNA has been customarily de-
scribed in terms of a straight string (for short fragments) or
a wormlike chain (Bloomfield et al., 1974). In this repre-
sentation, the details of the double-helical structure are
neglected, being instead replaced by an effective, hydrated
diameter. Actually, the hydrated diameter representation has
been successfully used in most studies to date, describing
adequately aspects related to the overall dynamics, in both
Monte Carlo (Hagerman and Zimm, 1982; Garcia Molina et
al., 1990) and Brownian dynamics simulation (Allison,
1986; Allison et al., 1990; Heath et al., 1995). The advan-
tages of our double-helical model (whose obvious disadvan-
tage is simply computational cost) over the hydrated-diam-
eter cylinder or worm are best noticed when one treats
dynamics aspects involving, at least partially, internal mo-
tions. The present model allows for a more detailed descrip-
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FIGURE 10 Autocorrelation function (13(t)03(0)) for Nbp = 12, which
decays from (32) to (0)2.
tion of local motions and rigidities in terms of parameters of
a helical structure. One could even envision some special
but very relevant problems, such as sequence-dependent
dynamics, effects of nicks, and chain fracture, always in
terms of the double-helical geometry of DNA.
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